Ozone (O 3 ) trends and variability from a 28-year (1987-2014) ozonesonde record at Lauder, New Zealand, have been analysed and interpreted using a statistical model and a global chemistry-climate model (CCM). Lauder is a clean rural measurement site often representative of the Southern Hemisphere (SH) mid-latitude background atmosphere. O 3 trends over this period at this location are characterised by a significant positive trend below 6 km, a significant negative trend in the tropopause region 5 and the lower stratosphere between 9 to 15 km, and no significant trend in the free troposphere (6-9 km) and the stratosphere above 15 km. We find that significant positive trends in lower tropospheric ozone are correlated with increasing temperature and decreasing relative humidity at the surface over this period, whereas significant negative trends in the upper troposphere and the lower stratosphere appear to be strongly linked to an upward trend of the tropopause height. Relative humidity and the tropopause height also dominate O 3 variability at Lauder in the lower troposphere and the tropopause region, respectively.
Introduction
Ozone (O 3 ) is an important trace gas in the Earth's atmosphere, playing a central role in atmospheric chemistry and the radiation budget. Stratospheric O 3 prevents harmful UV light from reaching the Earth's surface and is also a source of tropospheric ozone via cross tropopause exchange. Tropospheric O 3 is formed by photochemical production in the presence of nitrogen oxides 5 and volatile organic compounds (VOC). It controls the atmospheric oxidizing capacity through photolysis and subsequent reaction with water vapour to produce the hydroxyl radical (OH). Tropospheric O 3 is inhomogeneously distributed and highly dependent on the distributions of its precursors and on tranport. High levels of surface O 3 have adverse effects on human health and vegetation. Since the industrial era, surface O 3 in the Northern Hemisphere (NH) has increased substantially (e.g., Volz and Kley, 1988; Thompson, 1992) due to human activities. By contrast, surface O 3 in the Southern Hemisphere (SH) is more 10 stable due to limited land and a general lack of precursor emissions. Here, surface O 3 is the result of stratosphere-troposphere exchange (STE) and methane (CH 4 ) oxidation.
In the SH, stratospheric O 3 changes, which are dominated by Antarctic ozone depletion, show significant negative trends especially at mid-to high-latitudes from the 1980s to the end of the 1990s (WMO, 2011) . Reductions in stratospheric halogen due to the implementation of the Montreal Protocol would increase both tropospheric and stratospheric O 3 ; indeed, observa- However, ozone recovery is modulated by climate change. Model simulations show that recovery will occur between 2030 and 2070 (depending on region), but there may be no sustained recovery in the tropical lower stratosphere where climate change increases tropical upwelling, leading to less time for O 3 production and hence reducing O 3 in this region (Eyring et al., 2010) .
As a consequence, future changes of stratospheric O 3 will significantly impact tropospheric O 3 and potentially air quality (e.g., 20 Zeng et al., 2010).
Understanding past O 3 changes and projecting the future O 3 evolution are of great importance to assessing future environmental changes. To cover its spatial and temporal variability, an extensive global ozone monitoring network exists measuring total column ozone, vertical profiles, and surface ozone. These measurements cover years to decades. Oltmans et al. (2013) analyse tropospheric O 3 trends from a large suite of surface O 3 and ozonesonde measurements for the past 20-40 years and find 25 that there is no significant overall change in tropospheric O 3 in the NH and tropics; they attribute this no-growth to controls on O 3 precursor emissions after earlier increases of tropospheric O 3 . However, in the SH subtropics and mid-latitudes, nearsurface O 3 exhibits a significant positive trend since the 1980s but there have been no trends in the free and upper troposphere; reasons for this behaviour are not understood.
In this paper, we present the updated ozonesonde record covering 1987 -2014 above sea level), a clean rural site that is representative of the SH mid-latitude background atmosphere. Parts of the time series have been shown previously by Oltmans et al. (2006 Oltmans et al. ( , 2013 . Here, we focus on analysing and interpreting the tropospheric and lower stratospheric O 3 changes using a simple statistical model and global chemistry-climate model (CCM) simulations, and identify the underlying dynamical and chemical changes that could contribute to the observed O 3 trends at this location, which also represent the evolution of background O 3 in the SH mid-latitudes in general. Although we mainly analyse the ozonesonde record at Lauder, the surface O 3 record at another SH mid-latitude site, Baring Head, New Zealand, will also be presented for comparison. We describe the ozonesonde time series, the statistical model used, and the chemistry-climate model simulations in the following section. Results are presented in Sect. 3, and conclusions are drawn in Sect. 4.
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2 Ozone records, statistical method, and chemistry-climate model simulations
Ozone record
Weekly Electrochemical Cell (ECC) ozonesondes, launched at Lauder since August 1986, measure profiles of O 3 , temperature, pressure and winds from the surface to about 35 km. The ozonesondes used are ECC EN-SCI IZ-series operating with a 0.5% buffered potassium iodide (KI) cathode solution . Corrections are applied to the ozonesonde values above 200 10 hPa to account for pump efficiency degradation at low pressures . The integrated O 3 profile is compared to the total column of ozone measured by the Dobson spectrophotometer at Lauder; the relative difference is typically less than 5% . For this analysis, following Oltmans et al. (2013) , we calculate vertically averaged O 3 mixing ratios for eight layers, namely, 0-1.5 km, 1. 5-3 km, 3-6 km, 6-9 km, 9-12 km, 12-15 km, 15-20 km, and 20-25 km. Separate linear trends are then calculated for O 3 anomalies at each layer and over the whole period. 
Statistical method
We construct a regression model to identify the dominant factors that are associated with O 3 variations and trends. The regression model includes bf nine time-varying forcings, i.e., the Solar Index (SI) which captures solar variability and is defined by the solar radio flux at F10.7 cm (data source: https://www.esrl.noaa.gov/psd/data/correlation/solar.data), the Multivariate El Niño Southern Oscillation Index (M EI) (https://www.esrl.noaa.gov/psd/enso/mei/), the Quasi-Biennial Oscillation at 30 hPa 20 and 10 hPa, respectively (QBO 30 and QBO 10 ) (http://www.esrl.noaa.gov/psd/data/climateindices/list/), relative humidity at the surface (RH surf ), surface temperature (T surf ), stratospheric temperature averaged over 20-25 km (T strat ), tropopause height (HT T rop ), and the total chlorine loading (Cl y ). RH surf , T surf and T strat are measured together with O 3 by the ozonesondes. We define the tropopause as the minimum altitude where the vertical gradient of the ozone VMR is greater than 60 ppbv/km, remains so for a further 200 m, and the O 3 mixing ratio is greater than 80 ppbv, exceeding 110 ppbv immediately 25 above the tropopause (ozone tropopause; Bethan et al. (1996) ). The ozone tropopause definition is consistent with the definition of the dynamical tropopause based on potential vorticity (e.g., Beekmann et al., 1994) . The total chlorine loading at 20 km over Lauder is taken from a transient CCM simulation assuming the WMO A1 scenario (WMO, 2011) . The regressed O 3 anomaly is expressed as Ozone(t) = A * t + a 1 * SI(t) + a 2 * M EI(t) + a 3 * QBO 10 (t) + a 4 * QBO 30 (t) +a 5 * RH surf (t) + a 6 * T surf (t) + a 7 * T strat (t) + a 8 * HT T rop (t) + a 9 * Cl y (t),
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of which A * t is the linear component, and a 1−9 are the regression coefficients for the corresponding regressors. All forcings are standardised but not de-trended. Observations as well as basis functions are monthly mean data.
Chemistry-climate model simulations
We perform and analyse a suite of sensitivity simulations with different model configurations aimed at investigating the factors that potentially contribute to observed O 3 trends at Lauder, e.g., CH 4 and other O 3 precursors, greenhouse gases (GHGs), 5 and ozone depleting substances (ODSs) over the period of the time series . The model simulations we analyse here are from the National Institute of Water and Atmospheric Research-United Kingdom Chemistry and Aerosols (NIWA-UKCA) model, which comprises a detailed representation of stratospheric and tropospheric chemistry and is optionally run in atmosphere-only mode or coupled to a deep-ocean model. Detailed descriptions of the model are given by Morgenstern et al. (2009 Morgenstern et al. ( , 2017 , O'Connor et al. (2014), and Zeng et al. (2015) . We only give a brief description of the version used here. The 10 background climate model is an early version of HadGEM3-A (Hewitt et al., 2011) at a horizontal resolution of 3.75
with 60 levels from the surface to 84 km. Chemistry combines the stratospheric mechanism described by Morgenstern et al. (2009) and the tropospheric mechanism used by Zeng et al. (2008 Lightning emissions of NO x are parameterized as a function of cloud top height that is linked to convection in the model Rind, 1992, 1994) . The model uses the FAST-JX interactive photolysis scheme (Neu et al., 2007; Telford et al., 2013 ) with a correction added above 60 km for photolysis occurring at wavelengths shorter than 177 nm (Lary and Pyle, 1991) .
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All simulations used in this study are listed in Table 1 ; they are part of the Chemistry Climate Model Initiative (CCMI) model simulations (Eyring et al., 2013; Morgenstern et al., 2017) . The model data can be downloaded from the British Atmospheric Data Centre (BADC) (http://blogs.reading.ac.uk/ccmi/badc-data-access). We keep the experiment identifications as defined by Eyring et al. (2013) and Morgenstern et al. (2017) for CCMI. REF-C1 is a hindcast experiment using prescribed observed monthly mean sea surface temperatures (SSTs) and sea ice (HadISST; Rayner et al., 2003) ) over the period of 1960 forcings, e.g., GHGs, ODSs, and aerosol and aerosol precursor emissions follow state-of-knowledge historical evolutions from 1960 to 2010 (Morgenstern et al., 2017) . The anthropogenic emissions of O 3 precursors are inter-annually varying following the MACCity scenario from 1960 to 2010 (Granier et al., 2011) , and biogenic emissions are prescribed following the MEGAN2.1 (Guenther et al., 2012) (Fig. 2) . The amount of O 3 variance explained by the regression is given by the multiple regression coefficient of determination, R 2 ( Fig. 2 and Table 2 ), which
shows that in the layer of 9-12 km, the regression achieves the highest R 2 value of 0.55, followed by the lower stratospheric We show contributions of individual regression functions to the regressed O 3 anomalies (Fig. 3 ) and identify major contributing variables measured by the coefficient determination of individual regression functions, r 2 (Table 2) . At the surface, the O 3
anomaly is reasonably well captured by the regression which is dominated by relative humidity (Fig. 3) ; this may indicate that 30 stratospheric intrusions play a significant role in controlling surface O 3 variations at Lauder, as relative humidity is considered an effective indicator of such intrusions (e.g., Cristofanelli et al., 2006; Stohl et al., 2000) . Around and immediately above the tropopause (i.e. 9-15km), the O 3 anomalies largely follow the tropopause height (Fig. 3) , which reflects that O 3 in this region is mainly controlled by changes in dynamics. Indeed, change in tropopause height dominates the regression function at the layer of 9-12 km (r 2 = 0.50), and such dynamical change also influences O 3 variability in the troposphere and the lower stratosphere (see Table 2 ). In the free troposphere, between 1.5 km and 9 km, O 3 variations are mostly driven by a number of factors including tropopause height, relative humidity, surface temperature, and the MEI, with surface temperature and relative humidity playing a dominant role in the lower troposphere. There is a notable influence of ENSO on ozone variations in the re-5 gion between 3 and 9 km (Fig. 3 ). In the lower stratosphere, stratospheric temperature and the QBO at 30 hPa show increasing dominance in contributing to O 3 variability (Table 2) .
Time series of some of the meteorological and climate variables used in the regression are shown in Fig. 4 . Except for the MEI time series, all other variables are measured jointly with O 3 at Lauder. In order to directly assess the relationship between these variables and O 3 variability, we calculate correlation coefficients (r) of these variables with O 3 anomalies for each layer (see 10   Table 3 ). This analysis shows clearly that RH surf exhibits a strong anti-correlation with the O 3 anomalies close to the surface Significant correlations exist between some regression functions, e.g., surface temperature and surface relative humidity (r = −0.41), tropopause height and surface temperature (r = 0.50), tropopause height and stratospheric temperature (r = −0.28),
and surface temperature and stratospheric temperature (r = −0.23), therefore it is expected that increased uncertainties exist in the combined use of these variables in regression. In this study, however, variables with dominant contributions to the 25 regression function (listed in Table 2 ) are all significant at the 95% confidence level.
Ozone trends
The linear trends in observed deseasonalised O 3 anomalies calculated for each layer are listed in Table 4 , and are also shown trends in surface temperature (0.02±0.01K/yr), and the tropopause height (17.9±5.5 m/yr), and significant negative trends in RH surf (-0.25±0.06%/yr), stratospheric temperatures (-0.13±0.01K/yr), and MEI (-0.03±0.01/yr) (Fig. 4 ). Significant trends in these variables may indicate some shifts in climate variability, and climate change, which are mainly induced by increasing GHGs (e.g., Mitchell et al., 1995; Santer et al., 1996) . Indeed, the increase in surface temperature and the large decrease in stratospheric temperature are the result of a modified radiation balance. Temperature changes in turn result in 5 dynamical changes, such as changes in tropopause height as shown in Fig. 4 , likely due to stratospheric cooling. RH surf shows a significantly strong negative trend; this is typically linked to increased deep stratospheric intrusion. MEI shows a moderate negative trend which can be explained by a shift in climate variability. We also calculate O 3 trends over the period of 1987 to 2010, and obtain slightly larger significant positive O 3 trends in the troposphere (Table 4) than those from the period of 1987 to 2014.
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Our trend calculation is in broad agreement with Oltmans et al. (2013) , who calculated a trend of 0.15 ppbv/yr in O 3 from the surface to the free troposphere over the period of 1986-2010, and no significant trend above 500 hPa, although they did not include O 3 trends in the stratosphere in their study. Oltmans et al. (2013) here.
4 Attribution of ozone trends using chemistry-climate model simulations
Modelled ozone trends at Lauder
In order to attribute the observed O 3 trends at Lauder in a more quantitative way, we compare the observations to model results.
Although the model has a relatively coarse resolution, the measurement site is representative of SH mid-latitudes which are , with the largest differences in the free troposphere at 3-6 km. Such differences might be due to the dynamical differences arising from differences in sea surface temperatures between the two experiments. We calculate the linear trends of O 3 in both experiments, and in the sensitivity experiments. The results are discussed in the following sections. Table 4 .
Overall [1987] [1988] . There are large observed variations in the upper troposphere (6-9 km) (Fig. 7) . The comparison shows that there is no apparent difference between O 3 trends in the troposphere 25 between these two simulations, but there are distinct differences from the tropopause region to 25 km. However, the very high
REF-C1
O 3 anomalies at the beginning of the record might contribute in part to the very negative trends in the stratosphere.
The response of O 3 trend to changing non-methane O 3 precursors is quantified and shown in Table 5 . Overall, the non-methane The stratospheric tracer O 3 S depicted in Fig. 7 shows a weak but significant negative trend near the surface (Table 4 ). This decrease is likely the result of a decrease in stratospheric O 3 over this period. O 3 S is a measure of O 3 originating from the stratosphere, and the negative trend in O 3 S also implies that the photochemical production of O 3 in the lower troposphere is
increasing, most likely as a result of increasing O 3 precursors including methane. We mentioned before that there seems to be an increase in deep stratospheric intrusion at Lauder over the period of 1987-2014, as indicated by a negative trend in relative humidity. Clearly, STE plays an important role also in controlling lower tropospheric O 3 , but a more rigorous attribution of the trend in near-surface O 3 would require a more dedicated set of model experiments, which might be a worthwhile topic of future research. collectively. We also performed a sensitivity simulation (SEN-C2-fCH 4 ) with only CH 4 fixed at the 1960 level, to separate the effect of CH 4 from other GHGs, e.g., CO 2 and N 2 O. CH 4 is an O 3 precursor and also a GHG (see above). This analysis shows that in SEN-C2-fCH 4 , significant negative trends in O 3 are calculated throughout the troposphere, as shown in Fig. 8 Santer et al., 2003) .
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In the following section, we expand the analysis to include the whole simulation period of 1960-2010, and assess long-term simulated changes in O 3 at SH mid-latitudes (represented by Lauder) due to changes in anthropogenic forcings of ODS, GHGs, and O 3 precursor emissions. Fig. 9 of changing GHGs to O 3 trends, especially given that the contribution mainly occurs in the troposphere (Fig. 10) . We can not identify in this study the role of individual GHGs in moderating O 3 trends, and it is possible that radiative feedbacks are different from different GHGs, and chemical feedbacks also differ, e.g., CH 4 contributes to O 3 chemical production and N 2 O plays a role in stratospheric O 3 destruction. The attribution of modelled O 3 trends to each of the aforementioned forcings is listed in Table 6 .
Modelled attribution to long-term O 3 changes at Lauder
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Conclusions
We have analysed a 28-year ozonesonde record from Lauder, covering 1987 to 2014, and a surface O 3 record from Baring
Head covering 1992 to 2015. Both background measurement sites are located in the SH mid-latitudes, and are representative of background atmospheric conditions. We have also analysed some meteorological parameters that are co-measured with O 3 at Lauder, and have explored the relationships between O 3 changes and changes in these parameters, i.e., surface relative humidity,
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surface and stratospheric temperatures, and tropopause height, respectively. Through a regression analysis of ozonesonde data, which involves grouping the profiles into eight layers extending to the stratosphere (25 km), we have identified the dominant meteorological parameters that control the interannual variations of O 3 at Lauder. We find that relative humidity dominates the variability of lower tropospheric O 3 , possibly through deep stratospheric intrusions, and that O 3 variability around the tropopause region is dominated by the movement of the tropopause. In addition, ENSO contributes to O 3 variations in the free 30 troposphere, and the QBO and solar cycle impact O 3 variations in the stratosphere.
The trends in observed O 3 at Lauder have been calculated for the eight layers. Significant positive trends in the troposphere below 6 km, and significant negative trends in the tropopause region are obtained, for both 1987-2010 and 1987-2014 . No significant trends are found in the upper troposphere (6-9 km) and in the stratosphere (above 15 km). A significant negative O 3 trend in the 9-12 km region is very likely the result of an increasing tropopause height at Lauder. Such a dynamically induced change in O 3 also propagates to below and above the tropopause. Changes in temperatures in both the troposphere and the stratosphere impact O 3 by modifying the chemical production and destruction rates. Specifically, increased surface temperature would enhance photochemical production of O 3 mainly in the lower troposphere, and decreased stratospheric temperature This study demonstrates that long-term ozone profile observations provide valuable insight into atmospheric composition changes associated with anthropogenic forcing over the recent decades at a background SH mid-latitude location. More loca-
tions can be explored in future studies and multi-model simulation ensembles can be used to derive global O 3 changes, and to project the future evolution. 1960 HADISST MACCity (1960 1987-2010 1987-2014 1987-2010 1987-2014 1987-2010 0-1.5 0.06 ± 0.02 0.04 ± 0.01 0.00 ± 0.01 −0.05 ± 0.01 −0.02 ± 0.00 1987-2010 1987-2014 1987-2014 1987-2014 0-1.5 −0.00 ± 0.01 0.02 ± 0.02 −0.00 ± 0.01 −0.02 ± 0.01 
